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Small systems: pA collisions

« It was not expected hydro-like signals at smaller system
e Shorter lived:
« It was not expected it would have time for thermalization
« It was not expected it would have time to develop collectivity behavior

 They also have less degrees of freedom, leading many to think a thermodynamics would
have limited applicability




pA collisions: The smallest fluid droplet?

 Presence of away side in 2-particle
correlation at LHC

2< Prag' 4 GeV/c p-Pb |[s,, = 5.02 TeV
1< P assoc < 2 GeV/c 0-20%

Away side ridge
associated to

collectivity behavior
Phys. Lett. B 719, 29-41 (2013)




pA collisions: The smallest fluid droplet?

» Presence of away side in 2-particle » Elliptic flow also observed in p+Avu,
correlation at LHC d+Au and 3He+Au

2<p,,, <4GeVic p-Pb |[s,, = 5.02 TeV
1< P ssoc < 2 GeV/c 0-20%
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ARE THERE OTHER
PHENOMENA

HYDRODYNAMICS PREDICTS?

And does it happen in the QGP?







From galaxies... to the lab...

Liquid flow

% @=rotv

Electric voltage Spin voltage

Nat. Phys 12, 52-56 (2016).
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...tothe QGP
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* STAR
o ALICE
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Average of A and A
= hydrodynamics
——— parton cascade (AMPT)
= hadron cascade {LrQMD)
— 3-fluid dynamics
——— chiral kinatic
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Ann. Rev. Nucl. Part. Sci. 70, 395-423 (2020)
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Could we generate the “"smallest swirls” in
pA collisions?

Bjorken Flow
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Could we generate the “"smallest swirls” in
pA collisions?

Geometric-based 3D IC




Geometric-based3DIC  go

arXiv:2203.15718
« T™ = e(x,,ns) coshy; (x)
« T™N = %e(fl,ﬂs) sinh y; (%)

c (X)) = fyem(X1)

Ta(X1)-Tp(x))

* ycu (%) = arctanh SRR tanh(ybeam)]
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« e (X,nsgYem — Y1) = Ne(x,y) exp [— L ycn;a%@ o 0(ns — em — v )l — o)




Geometric-based3DIC  go
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Hydrodynamic evolution
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Spin Cooper-Frye

A(1—
o SH = _Lgupar JdZp*(1-np)wpg
gm ‘ J dzap*ng

» Three different kinds of vorticity
e Thermal: w*¥ = %[6“ (u?v) — 0V (u_u)]

T
. . 1
o Kinetic: w*¥ = - [0HuY — 9V uH]

[0#(TuY) — 8 (TuM)]
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« Temperature: "’ = =




Spin Cooper-Frye

A(1—
o SH = _Lgupar JdZp*(1-np)wpg
gm ‘ J dzap*ng

» Three different kinds of vorticity

1 uv uk Favored by
° - Mv —— M — - v
Thermal: w 2[6 (T) 0 (T)] theory

L 1
o Kinetic: w"*¥ = pos [0*uY — 0Vut]

 Temperature: w*¥ = # [0H(TuY) — 3Y(Tu*)]




Spin Cooper-Frye

A(1—
o SH = _Lgupar JdZp*(1-np)wpg
gm ‘ J dzap*ng

» Three different kinds of vorticity
e Thermal: w*¥ = %[6“ (u?v) — 0V (u_u)]

T
L 1
o Kinetic: w"*¥ = pos [0*uY — 0Vut]

 Temperature: wH¥ = # [0H(TuY) — 0¥ (Tut)]

-« thermal vorticity % STARA

vy STARR Favored by longitudinal
+ non-relativistic . :
polarization data

Phys. Rev. Research. 1, 033058
(2019). arXiv:1906.09385.
I. Karpenko. arXiv:2101.04963
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Spin Cooper-Frye

A(1—
o SH = _Lgupar JdZp*(1-np)wpg
gm ‘ J dzap*ng

» Three different kinds of vorticity
e Thermal: w*¥ = %[6“ (u?v) — 0V (u_u)]

T
L 1
o Kinetic: w"*¥ = pos [0*uY — 0Vut]

 Temperature: w*¥ = # [0H(TuY) — 3Y(Tu*)]

« Vorticity generated by smoke rings tends to
cancel each other when averaged

+ Ring observable: R} = 2 <SA|£>EPA)>
pal g




Results for Smooth Initial conditions

See Phys. Rev. C 104 (2021) 1, 011901
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Results for Smooth Initial conditions

See Phys. Rev. C 104 (2021) 1, 011901
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* Negligible effects on dN /dn of
charged particles

e Large ring polarization present in pA
collisions at all centralities for
geometric based IC

« Effect more pronounced at RHIC than
LHC

e For Bjorken-like IC:
« Bigger signal at large rapidity




Fluctuating initial condition

In preparation
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e Collision energy (p+Au)
e Full 3D geometric based IC
« Signal is ~50% bigger than smooth

« More sensitive to change of collision
energy at forward rapidity

« Bjorken based ICis sensitive to
changes in energy collision at all
energies




Fluctuating initial condition

In preparation
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Corrections to thermal vorticity

Symmetric shear induced Spin Hall effect induced
polarization polarization

e SH — SH 4 (AH) . SH 5 GH 4 <T€“"“Buvpa05 (u_3)>
T

ghpto fpp

Phys. Rev. D 104, 054043 (2021
can =2 e x y 4 054043 (2021)
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Phys. Lett. B 820, 136519 (2021)
JHEP o7, 188 (2021)




Corrections to thermal vorticity
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Applicability on jets =S -

& .
Unquenched jet _ N ! :!

Phys. Lett. B 820, 136500 (2021)

Partially
quenched jet

« One can change the trigger direction
from beam axis to jet direction PbPb - /syy =

« A simple model (a hot spot with an
initial velocity) has shown promising o ’?fsfg'g T om/s=0
results nl |y|«:n.5:?/ﬂ?5_«:ﬁr«:3m GeV/c

« A more difficult problem:

« Predictions are very sensitive to
parton-medium interaction model

0
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Summary

Ring observable can be used as a probe for different models in heavy-ion collisions

Experiments should measure this now—discovery potential!
It is sensitive to longitudinal velocity patterns in IC

An energy scan can confirm a value for f ~1 if one looks at forward rapidity.
Similarly, a system size scan can also probe values for f

When considering symmetric shear induced polarization, one can see large differences
between the two competing models

It may also be used to constraint parton-medium interaction models
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Fluctuating initial condition
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» Signal is bigger by a factor ~2

e Full 3D geometric based IC
« Reduced sensitive to energy




Ring fluid strength
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« T™" = e(x,,ns) coshy; (X))
« T™N = %e(fl,ﬂs) sinh y; (%)
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Some QGP properties

« A dense system
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Nucl. Phys. A 757, 184-283 (2005)




Some QGP properties

Ry (T=170MeV)
255 137 78 43 0 « A dense system

o Hints of a thermalized system

BRAHMS (200 GeV)
BRAHMS (130 GeV)
NA44 (17 GeV)
NA49 (9,12,17 GeV)
E866 (5 GeV)

—— Becattini et. al
K/K* = (p/p)™

0.6 0.8
p/p

Nucl. Phys. A 757, 1-27 (2005)




Some QGP properties

« A dense system

ws0% | « Hints of a thermalized system

e A strongly interacting medium

T o Au+Au62.4GeV |
o Au+Au 200 GeV

Nucl. Phys. A 757, 28-101 (2005)




Some QGP properties

« A dense system

. _ « Hints of a thermalized system
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LOW-VISCOSITY RELATIVISTIC HYDRODYNAMICS IS
ABLE TO DESCRIBE RELATIVELY WELL MOST OF THESE
SIGNALS




The DIY Science Guy

https://www.youtube.com/watch?v=YoLKvezkofc




